Abstract. BACKGROUND: Pedicle screw pullout due to poor bone quality, mainly caused by osteoporosis, is a common problem in spine surgery. Special implants and techniques, especially PMMA augmentation, were developed to improve the fixation of pedicle screws. PMMA injection into a pilot hole or through a screw involves the same risks as vertebroplasty or kyphoplasty, regardless of the technique used. Especially when using fully cannulated screws anterior leakage is possible. OBJECTIVE: To prove PMMA injection is safe and possible without leakage through an incompletely cannulated screw and also increases pullout forces in the osteoporotic vertebra.
PMMA-augmentation of incompletely cannulated pedicle screws: A cadaver study to determine the benefits in the osteoporotic spine 
Introduction
Poor bone quality remains a major challenge to the spine surgeon. Osteoporosis is a major cause of this, and its prevalence and incidence will increase due to an aging population in the coming years [1] .
A major sequela of osteoporosis is a vertebral compression fracture. A large number of vertebral compression fractures can be treated non-operatively, or by vertebroplasty or kyphoplasty. Unstable burst fractures with a relevant posterior wall fragment, progressive collapse of the vertebral body, and neurologic complications require instrumentation [2] . Also a growing number of surgical procedures in degenerative spine diseases such as instability, spinal stenosis, and osteochondrosis require stabilization in the osteoporotic spine [3] .
Pedicle screw pullout or creeping loosening is a frequent complication in the osteoporotic spine. The bone between the screw threads fractures faster when bone quality and quantity is decreased. Concepts to improve pedicle screw pullout therefore include changes in pedicle screw design, implantation technique, and augmentation [4] .
PMMA augmentation of a pedicle screw is a reliable method to improve fixation in the osteoporotic spine [5] . Actual augmentation techniques involve special completely cannulated pedicle screws with one anterior hole and two to six lateral holes. With an open tip there is a risk of PMMA leakage with bicortical fixation. The incompletely cannulated pedicle screw was developed to address these problems.
In this study we tested the biomechanical properties of this new self-tapping pedicle screw with incomplete cannulation and two lateral holes. Our hypothesis was that the new screw design would increase the pullout forces compared with a non-cemented screw. Furthermore the PMMA depot should be placed in a biomechanically advantageous position in the posterior half of the vertebral body to prevent cement leakage, especially anteriorly [6] .
Methods

Ethics
Written informed consent from the body donors was obtained by last will and testament according to the requirements of the ethics committee at the Technical University Aachen. According to the local ethics committee at the University Hospital Bonn, a separate approval of the study and an informed consent for use of cadaveric samples was not necessary, as these bodies had been donated to medical scientific studies, including dissection and biomechanical studies, by the deceased.
Vertebral bodies
Two thoracic vertebrae (T-12) and 23 lumbar vertebrae (L1-L5) were harvested from 12 human cadavers. Those specimens that showed apparent bone lesions or bone metabolic abnormalities on plain radiograms were excluded. Adherent soft tissues such as muscles, ligaments, and intervertebral discs were removed and each vertebral body was separated carefully. Bone mineral density (BMD) was measured using the dual-energy radiograph absorptiometry (DEXA) method (Siemens QDR 2000, Erlangen, Germany). Osteoporosis was defined as a BMD (bone mass density) lower 0.8 g/cm 3 . Then the vertebrae were divided into an osteoporotic and a non-osteoporotic group. Prior to the mechanical tests, specimens were kept hydrated in plastic bags. During the tests, the room temperature was kept at 293 • K (20 • C, 68 • F) and specimens were prevented from drying by applying a covering of resin. 
Screw
For the tests we used a newly developed titanium polyaxial pedicle screw (WSI-Expertise 6 × 45 mm, Peter Brehm Inc. Germany). The self-tapping screw was partially cannulated. The tip was closed. Two lateral holes were located in the third and fourth thread windings, 1 cm above the tip (Fig. 1) . A peak adapter was used to facilitate PMMA injection. Screws 45 mm in length and 6 mm in diameter were chosen to ensure a standardized experimental setup.
Implantation technique
Under fluoroscopic guidance the cortex over the pedicle was perforated using an awl. The pedicle screws were implanted into both pedicles. Through the cementing adapter 3 mL of PMMA (Spineplex, Stryker, Warzaw, USA) was injected into the right screw. The distribution of the PMMA around the screws was monitored under fluoroscopy. The left pedicle screw remained unaugmented as control. After PMMA injection axial and lateral radiographs were obtained to document cement leakage and distribution in the vertebra.
Cement distribution
To validate the cement distribution in the vertebral body we developed a scheme with three zones on the craniocaudal radiograph. Every vertebral body was divided from the anterior cortex to the posterior wall into three zones Zone one represented the anterior third, zone two the middle third, and zone three the posterior third at the posterior wall. The cement depot should be located in zones two and three or in zone three only.
Mechanical testing
The prepared vertebrae were kept overnight at room temperature to guarantee PMMA settlement. The next day the vertebrae were immersed up to the posterior wall in PMMA (Technovit 4004, Hereaus- Kulzer, Germany). The resulting PMMA-vertebra block was mounted on a testing device (Zwick/Roell Zmartpro, Germany). Two steel wires were drawn through the spinal canal and over the block; the pedicle screw was connected to the implantation instrument and also connected with a wire. To keep the distance and prevent the bone material from being sawed by the steel wire, we fed the wire through a short piece of flexible tube. Both wires were connected to the pullout ram and adjusted axially (Fig. 2) .
Pullout testing was begun with the non-augmented screw, followed by the augmented screw. As starting force we chose 75 N, an approach speed of 20 mm/min, and a testing speed of 2 mm/min. The test was stopped automatically after a complete pullout or loss of force lower than 25 percent of the maximum (Figs 3 and 4) . For control and evaluation purposes we used the analysis software "testXpert" (Zwick/Roell).
Statistical analysis
The mean maximum pullout strength was compared between the 2 screws by paired Student's t-tests. The relationship between the maximum pullout strength and BMD was analyzed by Pearson correlation coefficient test. P < 0.01 was considered significant. SPSS 11.0 (SPSS Inc., Chicago, Il) was used for statistical analysis.
Results
The Spineplex cement was easily injected through the peak cementing adapter. Leakage of PMMA, especially anteriorly or into the spinal canal, was not observed. The mean BMD of all specimens was 0.877 g/cm 3 (min/max 0.476/1.927; SD ± 0.332). Due to the definition of osteoporosis 14 specimens had a BMD lower than 0.8 g/cm 3 (mean 0.641; min/max 0.476/0.788; SD ± 0.093). The non-osteoporotic group consisted of 11 specimens with a mean BMD of 1.178 g/cm 3 (min/max 0.812/1.927; SD ± 0.423).
The radiographic images of all vertebrae excluded any PMMA leakage. The cement distribution in the three zones showed cement only in zones 2 and 3 (Fig. 4) . Cement was not observed in the anterior part of any vertebra.
Overall we observed an increase in the mean axial pullout strength of 173% when using cement augmented screws (non-cemented 496 N vs. cemented 858 N, p 0.001). In the osteoporotic group the mean pullout force of the non-cemented screws was 339 N vs. 721 N for the cemented screws (p 0.001). Similarly, the pullout force increased in the non-osteoporotic group from 696 N for the noncemented screws or 1066 N for the cemented screws (p 0.001; Fig. 5) . A typical load-time curve in our experimental setup is displayed in Fig. 6 . A correlation between BMD and pullout forces in nonaugmented and augmented screws was observed but was not statistically significant (Fig. 7) .
Discussion
Successful surgery in the elderly spine requires special pedicle screws and implantation techniques adapted to osteoporosis. In our trial we tested cement augmentation through a new incompletely cannulated pedicle screw in osteoporotic and non-osteoporotic fresh frozen cadaver vertebrae. Incompletely cannulated pedicle screws were chosen to avoid anterior cement leakage. A further goal was to place the PMMA depot close to the posterior wall.
Our study showed significantly higher pullout forces for the incompletely cannulated PMMAaugmented pedicle screws, especially in the osteoporotic bone. The mean pullout force for the osteo- Pedicle screws are the crucial interface in spine surgery. Every change in design or implantation technique affects the pullout forces of the screw. In revision surgery or severe osteoporosis pedicle screws require augmentation. Special cannulated screws with varying numbers of anterior or lateral holes in different positions are available for augmentation. Common pedicle screws can be augmented by filling the tapped holes with PMMA [7] . It seems that conical screws with lateral perforations show better results than screws with an anterior hole [8] .
Chen showed that the arrangement of holes and the position of the cement depot are very important factors in increasing pedicle screw pullout in cut bone [6] . A cement depot at the tip or middle of the screw is inferior to a depot in the posterior part. For clinical use he suggests a cement depot close to the posterior wall of the vertebra. Pfeiffer also demonstrated that the best position for a PMMA depot is close to the posterior wall. Until now the focus of interest has been on the biomechanical effects of injecting PMMA through the screw; cement application and the position of the cement depot have not been of interest. Therefore we redesigned a common cannulated polyaxial pedicle screw so that the tip is closed and the cement is pressed out through two lateral holes one centimetre from the screw head.
In addition to pedicle screw design, the technique of augmentation and the cement itself are important. PMMA augmentation seems to be the technique most frequently used in routine clinical practice [9] . The required volume of PMMA is thought to be 2-3 mL; a higher volume of PMMA does not guarantee higher pullout forces [10] . Bone grafts have been shown to be inferior to cement augmentation. Calcium phosphate cement augmentation shows a significant increase in pullout forces [11] . In contrast to PMMA, calcium phosphate cements are biocompatible and degradable, but need up to 24 hours to set. Therefore this material is not acceptable for routine clinical use.
However, PMMA augmentation also involves risks of fatal complications. Weinstein and Schulze independently showed that anterior cortex violation occurs in up to 20% of all pedicle screw instrumentations [12, 13] . Leakage due to improper pedicle screw placement can damage tissue when the cement heats up in the exothermic reaction. Low-viscosity cement is sometimes pressed out of the vertebral body and washed away. This leakage can cause pulmonary embolism [14] .
In contrast to the above mentioned PMMA augmentation through a cannulated screw, augmentation can also performed using different techniques. In routine clinical practice, PMMA is frequently injected into a predrilled hole. Some authors prefer a kyphoplasty first and then place the pedicle screw into this cement depot. The choice of pedicle screw augmentation technique depends on possible complications and the spine surgeon's preferences and experience.
Our test configuration does not reflect the physiologic burden on an implanted pedicle screw. Cyclic loading fatigue tests are recommended by some authors to simulate the longitudinal forces pedicle screws must withstand. Burval found a decrease of 30% in axial pullout force after loading tests [15] . We feel that cyclic loading tests may be dispensed with for our line of inquiry because they will only show a decrease in pullout forces and not a systematic failure in the whole experimental setup. Although most authors tested their augmented pedicle screws in an axial pullout model as has been done here, others suggest initial swing testing and followed by a defined number of cycles testing axial pullout.
Pedicle screw augmentation is a common technique in routine clinical practice. Chang showed in a retrospective study with 41 patients and 300 screws that cement augmentation is a safe and reliable technique [16] . Frankel retrospectively monitored 25 patients with bone softening due to osteoporosis or tumor and used pilot-hole filling for augmentation [17] . He reports excellent results without screw loosening or pullout. No single technique has yet clearly demonstrated superiority in laboratory or clinical studies [18] .
Pedicle screw augmentation with PMMA significantly increases pullout forces in the human cadaver model. The benefit of augmentation is seen especially in osteoporotic vertebrae. Injection through a screw is safe and avoids anterior cement leakage. Due to their incomplete cannulation these new pedicle screws can be used in both sacral and bicortical lumbar instrumentation. Clinical studies are needed to demonstrate the efficacy of the concept in routine clinical practice.
